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High resolution angle-resolved photoemission measurements on underdoped (La2−xSrx)CuO4 sys-
tem show that, at energies below 70 meV, the quasiparticle peak is well defined around the (pi/2,pi/2)
nodal region and disappears rather abruptly when the momentum is changed from the nodal point
to the (pi,0) antinodal point along the underlying “Fermi surface”. It indicates that there is an
extra low energy scattering mechanism acting upon the antinodal quasiparticles. We propose that
this mechanism is the scattering of quasiparticles across the nearly parallel segments of the Fermi
surface near the antinodes.
PACS numbers: 74.25.Jb,71.18.+y,74.72.Dn,79.60.-i
The high temperature superconductivity in cuprates is
derived from doping the parent antiferromagnetic Mott
insulators. It is found that the normal state properties
of cuprates are highly anomalous, particularly in the un-
derdoped region. Understanding the normal state is be-
lieved to be a key for understanding the mechanism of
high temperature superconductivity[1].
For the underdoped cuprates, one peculiar behavior
of its electronic structure, as revealed by angle-resolved
photoemission spectroscopy (ARPES), is the dichotomy
between the ∼ (π/2, π/2) nodal and ∼ (π, 0) antinodal
excitations. In underdoped Bi2Sr2CaCu2O8 (Bi2212), it
was found that the lineshape of the normal state pho-
toemission spectra is broad in the antinodal region but
sharp near the nodal region[2]. It was proposed that
the antinodal spectral broadening in the normal state is
due to the coupling of electrons with the (π,π) magnetic
excitations[2]. In the supercnducting state, the antinodal
spectrum is also believed to be influenced by the (π,π)
spin resonance mode[3].
The peculiar electronic structure of the underdoped
sample may provide important clues for understanding
the anomalous normal state properties. It is therefore
essential to establish whether such a nodal-antinodal di-
chotomy is universal in cuprate materials, and particu-
larly, to establish its physical origin. However, Bi2212 is
not an ideal system for such an in-depth investigation.
Because of disorder, no sharp nodal structure has been
observed in deeply underdoped Bi2212. Furthermore, the
states near the antinodal region are severely complicated
by its superstructure. This, together with the bilayer
splitting resolved very recently[4], raises concerns about
the interpretations[5, 6, 7]. The La2−xSrxCuO4 (LSCO)
system, in comparison, is an ideal candidate to address
the issue in the underdoped region because the system
becomes less disordered with decreasing doping. As we
will show, one can see an essentially resolution-limited
sharp nodal peak in LSCO with a doping level as low as
6.3% which has not been observed in Bi2212 with a com-
parable doping. Its simple crystal structure also makes
it free from the complications of the superstructure and
bilayer splitting encountered in Bi2212.
While the majority of photoemission work so far has
been performed on Bi2212, data on LSCO are available
only recently because of the improved sample quality and
better understanding of matrix element effects involved
in measuring LSCO system[8, 9, 10]. In this paper, we
present detailed angle-resolved photoemission data on
underdoped LSCO superconductors. We observe remark-
ably sharp nodal quasiparticle peak at all doping levels
studied, even for heavily underdoped samples. In con-
trast, the antinodal peak only exists in optimally-doped
and overdoped samples. Particularly, these sharp peaks
can be observed only at low energy, below 70 meV. In ad-
dition, for underdoped samples, when moving from nodal
to antinodal regions, we find that the disappearance of
sharp peaks occurs in a fairly abrupt fashion near where
the Fermi surface changes from parallel to the (π,0)-(0,π)
diagonal to parallel to the (0,0)-(π,0) or (0,0)-(0,π) direc-
tions. Intrigued by the close tie between the quasiparti-
cle scattering and the Fermi surface topology, we propose
this “nodal-antinodal dichotomy” is due to the scatter-
ing of quasiparticles across the almost parallel segments
of the Fermi surface near the antinodes.
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FIG. 1: Electronic structure of LSCO (x=0.063, Tc=12 K)
along the (0,0)-(pi,pi) nodal direction (inset of Fig. 1a) at a
temperature of 20 K. (a). EDCs measured along the nodal
direction in a second Brillouin zone. The EDCs are num-
bered according to the momentum points in the inset. These
momentum points are equal spaced: point 1 corresponds to
(0.374pi,0.374pi) and point 6 corresponds to (0.466pi,0.466pi).
The red arrow indicates an energy of ∼70 meV below which
the quasiparticle survives and above which it turns into a
broad edge. (b). A kink in the dispersion at ∼70 meV as
indicated by an arrow. The dotted pink line is a guide to the
eye which is a line fitting the high-energy part of the disper-
sion. In the inset is the MDC width which shows a drop at
an energy of ∼70 meV, as indicated by an arrow.
The photoemission measurements were carried out on
beamline 10.0.1 at Advanced Light Source, using a Sci-
enta 2002 electron energy analyzer. The photon energy
is 55 eV and the ~E-vector of the incident light is paral-
lel to the CuO2 plane and 45
◦ with respect to the Cu-O
bond, as indicated by the arrow in Fig. 2a[8, 9]. The
energy resolution is 15∼20 meV and the angular resolu-
tion is 0.3◦ (corresponding to 0.018 A˚−1 in momentum).
In this paper we mainly present our data on the under-
doped LSCO (x=0.063, Tc=12 K) and LSCO (x=0.09,
Tc=28K) samples. For comparison, we also show data
on overdoped LSCO (x=0.22, Tc=24K). The LSCO sin-
gle crystals are grown by travelling solvent floating zone
method[11]. The samples were cleaved in situ in vac-
uum with a base pressure better than 4×10−11 Torr and
measured at a temperature of ∼20K.
Fig. 1 presents experimental results along the (0,0)-
(π,π) nodal direction of the LSCO (x=0.063) sample.
Even for this extremely underdoped sample in the vicin-
ity of an insulator-superconductor transition, one can see
a remarkably sharp quasiparticle peak in the nodal re-
gion with a clear dispersion (Fig. 1a). The sharp peak
abruptly turns into an edge once it disperses up to an
energy of ∼ 70meV. Such a dramatic change in spectral
shape is not observed in underdoped Bi2212, presumably
due to stronger disorder in Bi2212. The dispersion (Fig.
1b), extracted by fitting momentum distribution curves
(MDCs)[10, 12, 13, 14, 15], shows a clear slope break (a
kink) at an energy ∼ 70meV. The MDC width, which is
related to the scattering rate τ−1, also exhibits a drop at
the same energy (inset of Fig. 1b). All these observations
indicate that there is an energy scale at ∼70 meV for the
nodal quasiparticles.
Fig. 2a shows the low-energy spectral weight of the
LSCO (x=0.063) sample as a function of momentum by
integrating EDCs in a narrow energy window near EF
(-5meV,5meV) (kx and ky are along Cu-O bonding di-
rection). The high intensity contour constitutes what we
call the “Fermi surface”[16]. To be quantitative, we used
MDCs at EF to extract the Fermi momentum (kF ) by
following the MDC peak position. This is exemplified in
the inset of Fig. 2a for nine cuts in a second zone and
the obtained kF s are marked as red crosses in Fig. 2a.
The kF s are obtained in another second zone and the
first zone in a similar manner although the relative spec-
tral intensity in the first Brillouin zone is much weaker.
Covering multiple Brillouin zones allows us to align the
sample to high precision because it provides an internal
check: the Fermi surfaces obtained from different zones
have to be consistent with each other. The final extracted
Fermi surface is plotted in Fig. 3. To a good approxi-
mation, the measured Fermi surface can be represented
as three straight segments: two antinodal ones (marked
black in Fig. 3) running parallel to (0,0)-(π,0) and (0,0)-
(0,π) directions, respectively, and the nodal one (marked
red in Fig. 3) running parallel to (π,0)-(0,π) diagonal
direction.
Fig. 2(b1-b9) shows the energy distribution curves
(EDCs) along nine cuts of the Fermi surface from the
nodal to the antinodal region (as marked in Fig. 2a) for
the x=0.063 sample. The red curves are the EDCs at
k = kF . It is clear that all quasiparticle peaks are con-
fined within 70 meV energy range near the Fermi level.
Moreover, the quasiparticle peaks exist only on part of
the Fermi surface near the nodes, as marked by the solid
red line in Fig. 3. Away from the “nodal segment” the
peak gets weaker and disappears in a fairly abrupt fash-
ion. This can be seen more clearly from Fig. 4a where
the EDCs on the underlying Fermi surface and at (π,0)
are plotted together. Similar sharp transition is also ob-
served in another underdoped LSCO (x=0.09) sample
(Fig. 4b). The situation for these underdoped samples is
very different from that in the highly overdoped (x=0.22)
sample (Fig. 4c). In that case we see quasiparticle peak
over the entire Fermi surface; the antinodal peak appears
even sharper than the nodal peak. This doping depen-
dence clearly indicates that the spectral broadening near
the antinodal region in the underdoped samples is not
due to a matrix element effect. This is also consistent
with earlier observations in Bi2212[2].
At first glance, the concept of quasiparticle seems
entirely inappropriate for heavily underdoped cuprates.
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FIG. 2: (a). Low energy spectral weight as a function of kx and ky for the LSCO x=0.063 sample measured at a temperature of
20 K. The inset shows MDCs at EF along several momentum cuts in one octant of the second Brillouin zone; the corresponding
cuts are marked in the figure with a number from 1 to 9. The red cross in the figure represents the peak position of MDCs at
EF . (b1-b9). EDCs along the cuts as marked in (a). The red spectra are EDCs on the underlying Fermi surface. The green
shades in (b1-b5) highlight the energy range (0∼70meV) within which sharp peaks are confined.
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FIG. 3: Experimental Fermi surface for LSCO x=0.063 sam-
ple. The black open circles are obtained from the MDC peak
position at EF , as shown in Fig. 1 as the red crosses, and
then symmetrized in the first Brillouin zone. The solid lines
are guides to the eye for the measured Fermi surface. The
red lines represent the portion of Fermi surface where one
can see quasiparticle peaks. The dotted black line represents
the antiferromagnetic Brillouin zone boundary; its intersec-
tion with the Fermi surface gives eight “hot spots” (solid
yellow circles) from (pi,pi) magnetic excitations. The double-
arrow-ended green line represents a nesting vector, (0.35pi,0),
between the antinodal part of the Fermi surface. In the inset
shows the schematic neutron diffraction pattern observed in
LSCO superconductors with four incommensurate peaks of
distance 2δ from (pi,pi) point.
Given the fact that we are dealing with a strongly cor-
related system, the existence of sharp nodal quasiparti-
cle below 70 meV is itself a miracle, not to mention the
nodal-antinodal dichotomy. One might argue that the
nodal-antinodal dichotomy is due to the much higher ex-
citation energy near the antinodes compared to that near
the nodes, as often assumed in the theory literature. We
stress that the antinodal edge (∼15 meV) discussed in
this paper is not particularly high in energy compared
to that of some nodal peaks (Fig. 4) and is definitely
below 70 meV along the Fermi surface locus. Therefore,
this trivial explanation does not work. The spirit of our
paper is to assume the existence of a mechanism that al-
lows all low energy quasiparticles below 70 meV. Under
the working of this mechanism both low energy nodal and
antinodal excitations become sharp Bogoliubov-Landau
quasiparticles. The Fermi surface map should also be
taken in this context. Here we put the phrase “Fermi
surface” in quotation marks to reflect the fact that by
that we mean the locus of the lowest energy quasiparti-
cle excitations before the extra scattering on antinodal
excitations is switched on. Then we ask what extra is
needed to explain the antinodal spectral broadening.
One candidate that immediately comes to mind is the
(π,π) magnetic fluctuation that produces “hot spots” on
the Fermi surface, as previously proposed for Bi2212[2].
We note that neutron scattering has revealed a signifi-
cant difference in the magnetic response of LSCO and
Bi2212. The (π, π) spin resonance mode observed in
Bi2212[17] is absent in LSCO. Instead, incommensurate
magnetic peaks were observed at low energy (below 15
meV)[18, 19, 20] (inset of Fig. 3), which broaden rapidly
with increasing energy although the magnetic fluctuation
4can persist up to 280 meV[21]. To check whether the
low energy incommensurate magnetic fluctuation can be
responsible for the lack of spectral peaks in the antin-
odal segments, we have performed the following analysis.
First, we shift the measured Fermi surface by the peak
wave vectors of the magnetic excitation ((π, π) ± (2δ, 0)
and (π, π)± (0, 2δ) with δ being the incommensurability)
to produce four Fermi surface replicas. Then we record
the intersections of these replicas with the original Fermi
surface. These intersections are “hot spots” where the
quasiparticles will experience scattering from the incom-
mensurate magnetic fluctuations. For x = 0.063 and
x = 0.09 samples the obtained hot spots do concen-
trate around the antinodes. However, for x = 0.15 and
x = 0.22 samples the above construction also leads to
“hot spots” mainly near the antinodal segments but the
quasiparticle peak can be seen over the entire Fermi sur-
face. Considering that the incommensurate peaks are
present in LSCO up to x=0.25[20], this latter observa-
tion is inconsistent with the mechanism of the incom-
mensurate magnetic fluctuations although one can not
completely rule out this possibility because how the cou-
pling strength varies with doping is not known.
Intrigued by the fact that the extra broadening sets in
when the Fermi surface turns from the (π,0)-(0,π) diag-
onal direction to (0,0)-(π,0) or (0,0)-(0,π) direction, we
propose an alternative mechanism that the scattering in
question causes a pair of electrons on two parallel antin-
odal segments to be scattered to the opposite ones (Fig.
3), i.e., p1 =(±0.175π,p1y), p2=(∓0.175π,p2y)→ p
′
1
=(∓
0.175π, p1y), p
′
2=(± 0.175π, p2y), or p1=(p1x,±0.175π),
p2=(p2x,∓0.175π) → p
′
1
=(p1x,∓0.175π), p
′
2
=(p2x,±
0.175π). In the normal state this scattering mechanism
can cause a quasiparticle to decay into two quasiparticles
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FIG. 4: EDCs on Fermi surface for LSCO x=0.063(a), 0.09(b)
and 0.22(c) samples. All samples are measured at ∼20 K. The
corresponding momentum position is marked in the upper
inset of each panel. Also included are the spectra at (pi,0)
points, colored as blue.
and one quasihole. The antinodal spectral broadening oc-
curs as a result of the frequent occurrence of such a decay
which renders the normal state quasiparticle ill-defined.
In summary, we have shown that the low energy ex-
citations between nodal and antinodal quasiparticles be-
have very differently in the underdoped superconductors.
Evidently such a dichotomy is due to the existence of
an extra low energy scattering mechanism that operates
primarily on antinodal quasiparticles. We propose this
may be associated with quasiparticle scattering across
the nearly parallel segments of the Fermi surface near the
antinodes. Clearly this proposal requires more scrutiny,
both experimentally and theoretically.
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